A layered mesh inertial filter that was previously developed by the authors, was combined with an impactor, in which the collection efficiency curve overlaps that of the inertial filter, in order to provide a sharp-cut separation tool for aerosol nanoparticles operating at a moderate pressure drop of less than 10-15 kPa. The separation performance of the proposed "hybrid inertial filter" of the inertial filter and an impactor, such as cut-off size, steepness of the collection efficiency curve and pressure drop ΔP, was evaluated for a single nozzle type in order to confirm the proposed system. The performance of the single nozzle type, which can be used as a unit of a multi nozzle type, was compared with that of the previous type layered mesh inertial filter with a stainless steel fiber mat. The hybrid inertial filter was found to have a collection efficiency curve with a much better steepness at less ΔP compared to those of the previous type for particles with the same cut-off size: a cut-off size d p50 of 100 nm with steepness d p84 /d p16 = 1.7, e.g., was obtained at ΔP ~12 kPa while d p84 /d p16 = 2.4 at ~16 kPa was found for the previous type.
INTRODUCTION
Airborne nanoparticles, which are found, not only in the ambient air but also in locations where nanomaterials are produced, have attracted considerable attention in recent years. They can have adverse influences on human health, since they are able to penetrate into the alveolar regions of the lungs (Kreyling et al., 2002; Kashiwada et al., 2006; Kim et al., 2006; Heal et al., 2012) . Both the direct and indirect influence of ultrafine or nanoparticles, i.e., ambient nanoparticles on climate change have also been investigated (e.g., Cai et al., 2016) .
Analyzing airborne nanoparticles collected by air samplers at various locations is important in terms of detecting emission sources and evaluating health risks based on various chemical components that are contained by them. One of the problems encountered during the sampling of nanoparticles is the loss of semi-volatile components via evaporation. This is a common problem when using conventional types of air samplers that separate particles based on inertial effects, such as a low pressure impactors (LPI) (Hering et al., 1978 (Hering et al., , 1979 ) and a nano-Multi Orifice Uniform Deposit Impactor (nano-MOUDI II) (MSP cooperation, 2015) . An "inertial filter" was developed by the authors (Otani et al., 2007; Eryu et al., 2009; Furuuchi et al., 2010a, b) to overcome such a difficulty due to a pressure drop. The currently used inertial filter consists of webbed SUS fibers fixed into a circular nozzle with a diameter ranging from 3-5.2 mm using a separable cassette, and has been used for flow rates ranging from 6-40 L min -1 (Otani et al., 2007; Furuuchi et al., 2010a, b; Hata et al., 2012 Hata et al., , 2013b ). An air sampler developed by the authors using a inertial filter for PM 0.1 is now commercially available (Kanomax, 2016) and a supplemental stage of PM 0.1 for the Andersen cascade impactor was also developed by the authors (Hata et al., 2012) .
To improve the separation performance of the inertial filter, the authors proposed a different geometry, namely, a layered-mesh inertial filter, which consists of screen meshes sandwiched by thin spacing sheets perforated with a circular hole (Thongyen et al., 2015) . The layered mesh geometry provides a uniform and reproducible structure for the inertial filter as well as effective inertial separation by the mesh wires that are aligned perpendicular to the direction of flow. A layered mesh inertial filter using TEM grids as wire mesh was used in the case of a small flow rate (5-6 L min -1 ) and was successfully applied to a personal sampler (Thongyen et al., 2015) . For a high volume flow rate, a multi nozzle layered mesh inertial filter was developed using screen wire mesh sandwiched between spacers with circular holes so as to be aligned to provide multi nozzles (Hata et al., 2013a) . It has been applied to flow rates of 20-30 L min -1 for each nozzle, corresponding to a total of ca. 400-550 L min -1 . The layered-mesh inertial filter showed good performance when a webbed SUS fiber mat was used as a pre-separator, which reduced the bouncing effect of particles larger than 300 nm (Hata et al., 2013a) . However, the characteristics of the inertial filter are rather similar to those of an air filter and the separation curve lacks steepness. Although it depends on a type of a pre-cut separator combined with the inertial filter, the over estimation of mass of particles larger than cut-off diameter is possible, as well as an associated miss evaluation of the chemical characteristics of nanoparticles.
In the present study, taking into account the above difficulties associated with an inertial filter, the layered mesh inertial filter developed by the authors was combined with an impactor, which has a collection efficiency curve that overlaps that of the inertial filter, in order to provide a sharpcut separation tool for aerosol nanoparticles at moderate pressure drops of less than 10-15 kPa. The separation performance of the proposed "hybrid inertial filter" including cut-off size, steepness of the collection efficiency curve and pressure drop was evaluated for a single nozzle type "hybrid inertial filter" and the results were compared with those for the previously developed layered mesh inertial filter with a stainless steel fiber mat, which has air filter like behaviour. Fig. 1 describes the concept of the inertial filter (Otani et al., 2007) . Large particles are collected by a conventional filter via inertial impaction at a high-filtration velocity while small particles are removed by Brownian diffusion, as shown in Fig. 1 . The parameter involved in the inertial impaction is the Stokes number (Hinds, 1999) : 
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Concept of Inertial Filter
and the measure for Brownian diffusion is the Peclet number:
where C c is the Cunningham slip correction factor, ρ p is the particle density, d p is the particle diameter, u is the filtration velocity, μ is the viscosity, d f is the fiber diameter, and D is the Brownian diffusivity of particles. The collection efficiency of a filter increases with increasing Stk and decreasing Pe. Therefore, an extremely high filtration velocity and a thin fiber would be expected to provide a large inertial effect and a high collection efficiency for larger particles, while the collection efficiency for smaller particles would be low. Fig. 2 provides information regarding the concept of a hybrid inertial filter. As shown by curve-A in Fig. 2 , the collection efficiency curve for the inertial filter shows typical air filter behaviour with a poor steepness of the curve, especially over the 70% region. In order to overcome such difficulty due to the characteristics of the air filter, we propose the use of a combination of a layered mesh inertial filter of cut-off size d p50 ~150 nm or slightly larger and an impactor stage of d p50 ~200 nm with a steeper separation performance curve that are extensively overlapped with that of the inertial filter (See curve-B in Fig. 2 ). The curve-C in Fig. 2 represents the performance curve of the combination of an inertial filter and an impactor located just upstream from the inertial filter. Coarse particles bouncing on the inertial filer can be removed by the combined impactor, thus resulting in an increase in the steepness of the total separation curve. In the following discussion, an inertial filter with the combined impactor is referred to as the "hybrid inertial filter". It was designed to provide cut-off size d p50 ~100 nm with an improved steepness at a minimal increase in pressure drop, which is sufficiently low to permit it to be used in available portable air samplers. Since the total collection efficiency is increased for the hybrid inertial filter, the inertial filter with d p50 larger than 100 nm can provide d p50 = 100 nm. This leads to a less pressure drop of the inertial filter.
Concept of the Hybrid Inertial Filter
EXPERIMENTAL
The separation performance of the proposed type inertial filter was tested for single nozzle geometry taking into account the scale up ability shown for the multi-nozzle type using the same nozzle (Hata et al., 2013a) . Separation efficiency curves and pressure drop for a layered mesh inertial filter, an impactor and an impactor combined layered mesh inertial filter were compared. For comparison, the previous type of inertial filter combined with a fiber matt was also tested. 
Single-Nozzle Inertial Filter
Figs. 3(a)-3(c) show pictures of (a) a circular wire mesh screen (Asada Mesh, SHS-380/114, calendared, ϕ47 mm) (Asada mesh, 2016), (b) a circular spacing sheet (SUS-304, ϕ47 mm, thickness 0.1 mm) with a single circular hole (ϕ3.5 mm) at the sheet center, and (c) a slit nozzle impactor (SKC, Siutas Impactor Stage-D, slit width W = 0.15 mm, nozzle exit to plate distance S = 1.5 mm (S/W = 10), slit length = 20 mm). The wire mesh screen was originally manufactured for screen printing and calendared by roller pressing to provide a mesh thickness almost equivalent to the wire diameter and rigid mesh structure which is important in terms of the re-use of wire meshes. The specifications of the wire mesh screen and spacing sheets are summarized in Tables 1 and 2 , respectively. The cut-off size of the slit nozzle impactor, which was originally designed to be 0.25 µm at 9 L min -1 , was adjusted for required flow rates by masking the slit by means of a tape to change the nozzle velocity. 5-circular wire mesh screens (a) were sandwiched by 6-spacers (b) and were held tightly in the holder to produce a single nozzle inertial filter. For the uniform layered mesh structure projected in the flow direction (Hata et al., 2013a) , wire mesh screens were aligned tangentially uniform in order to maximize the coverage of the nozzle cross section by the mesh wires. The impactor (c) is connected upstream of the filter holder when the performance of the hybrid inertial filter was evaluated. For comparison, the separation performance of the previous type of inertial filter, which uses a stainless fiber mat placed immediately in front of the layered mesh inertial filter in place of the combined impactor, was also evaluated at corresponding experimental conditions. The specifications of the stainless fiber mat are shown in Table 3 . Fig. 4 shows the setup used for the separation performance test, which consists of the inertial filter holder, the slit impactor connected upstream of the inertial filter, an air pump, a mass flow meter, a mass flow controller, CPC (TSI, Model 3785) connected both upstream and downstream of the filter holder and a system for generating monodispersed aerosol particles. Mono-dispersed zinc chloride (ZnCl 2 ) particles were generated for a test aerosol using an evaporation-condensation type aerosol generator and a TSI-long type DMA. The test aerosol was introduced to the filter holder at selected flow rates after being diluted by clean air. The collection efficiency was determined based on the particle number counted by the CPC. The pressure drop through the inertial filter and the impactor was measured using a digital manometer (EXTECH, Model HD750). The mobility equivalent diameter was converted to an aerodynamic diameter using the density of the test particles as measured by an Aerosol Particle Mass Analyzer (KANOMAX, APM 3600).
Experimental Setup for the Performance Test and Test Conditions
For a size range larger than ~100 nm, separation performance was evaluated both by the above described aerosol generating system and ambient aerosol particles. For a poly-dispersed ambient aerosol, a Laser Aerosol Spectrometer (LAS) (TSI, Model 3340) was used for the measurement of particle concentration before and after separation. The aerodynamic diameter by DMA-CPC and the optical diameter from LAS was preliminarily confirmed to be equivalent within an acceptable difference, as described below.
Experimental conditions such as flow velocity were decided both from conditions for the cut-off size d p50 = 100 nm (filtration velocity u = 24.6 m s -1 ) and the pressure drop allowable for commercially available portable air samplers (Shibata Scientific Technology Ltd., HV-500R/F), or, 15-20 kPa (u = 17.0 and 24.6 m s -1 ). These samplers are planned to be used for a scale up application of the hybrid inertial filter.
RESULTS AND DISCUSSION
Separation Performance of the Layered Mesh Inertial Filter
Figs. 5(a) and 5(b) show the collection efficiency curve for the layered mesh inertial filter at different filtration velocities u, respectively, at 17.0 and 24.6 m s -1 . In both figures, the collection efficiency curve for layered mesh inertial filter combined with a stainless steel fiber matt is shown for comparison. The cut-off size d p50 is ~190 nm at u = 17.0 m s -1 and the collection efficiency of the layered mesh inertial filter were in good agreement with previous data obtained for ambient particles (Hata et al., 2013a) . The collection efficiency of particles larger than ~400 nm decreased due to the bouncing effect at large velocities. Because bouncing was suppressed by the SUS-fiber mat, the collection efficiency of particles of > ~400 nm was improved. This was also confirmed at u = 24.6 m s -1 although the bouncing effect started at a slightly smaller size (~300 nm). d p50 at u =24.6 m s -1 is ~130 nm. Fig. 6 shows the collection efficiency curves for the impactor that is designed to be combined with the inertial filter for filtration velocities of u = 17.0 and 24.6 L min -1 , where the cut-off size d p50 ~320 nm at the pressure drop ΔP = 2.9 and 180 nm at ΔP = 4.9 kPa, respectively. The steepness and collection efficiency for coarse particles over 1 µm in diameter are much better than the corresponding values for the inertial filter.
Separation Performance of Impactor
Separation Performance of the Hybrid Inertial Filter
Figs. 7(a) and 7(b), respectively, show collection efficiency curves for the impactor, the layered mesh inertial filter and the hybrid inertial filter at u = 17.0 and 24.6 m s -1 . In both figures, the collection efficiency curve for the layered mesh inertial filter with a SUS-fiber mat is shown for comparison, where the curve at u = 24.6 m s -1 was obtained in the present experiment. The bouncing effect was suppressed and the separation curve for the hybrid inertial filter was clearly improved. For each filtration velocity, cut-off size d p50 = 150 nm at a pressure drop ΔP = 6.4 kPa and 100 nm at ΔP = 11.8 kPa. These pressure drops are still under the allowable pressure drop for the commercial air sampler. Compared to the layered mesh inertial filter with an SUSfiber mat, the steepness and d p50 were improved, although the pressure drop was increased. However, as shown in Fig. 8, for d p50 = 100 nm, the pressure drop of the inertial filter with an SUS-fiber mat was larger than that of the hybrid inertial filter while the steepness was much poorer, which cannot be avoided as a characteristic of an "air filter". The cut-off size, pressure drop and steepness of the collection efficiency curves for the hybrid inertial filter at the tested experimental conditions are summarized in Table 4 along with those for the inertial filter with the SUS fiber mat, where the steepness σ of the collection efficiency curve is determined using the following equation (Huang et al., 2005; Tsai et al., 2012) :
where 84 and 16 are the particle diameters corresponding to collection efficiencies of 84% and 16%, respectively. The hybrid inertial filter can provide the same cut-off size with an acceptable steepness of the separation curve at a lower pressure drop than an impactor, although the pressure drop exceeds that of the inertial filter alone.
CONCLUSIONS
The layered mesh inertial filter developed by the authors in a previous study was combined with an impactor, which has a collection efficiency curve that overlaps that of the inertial filter, in order to provide a sharp-cut separation tool for aerosol nanoparticles at moderate pressures. The separation performance of the proposed "hybrid inertial filter" such as cut-off size, steepness of the collection efficiency curve and pressure drop ΔP was evaluated for a Inertial filter, Δp = 2.9 kPa Inertial filter (Hata et al., 2013) , Δp = 2.9 kPa Inertial filter+SUS fiber mat (Hata et al., 2013) Inertial filter+Impactor, Δp =11.8 kPa, σ=1.7
Inertial filter+SUS fiber mat, Δp = 15.9 kPa , σ=2.4 shown to overcome a weak point of the inertial filter regarding the bouncing of particles larger than ~300 nm and provided reasonable performance as a sharp-cut tool for nanoparticle separation operated at a moderate pressure drop. This indicates that it can be also applied to coarser cut-off sizes such 200-300 nm with small pressure drops (e.g., < 1-2 kPa). This arrangement has the potential for use in a portable aerosol instrument such as a handheld CPC and other instruments for dealing with ultrafine particles. We are now investigating this possibility. In addition, the hybrid inertial filter can be easily scaled up to a lager flow rate by simply increasing the number of nozzles. We are currently in the process of developing a hybrid inertial filter with a high volume flow rate capacity, which should be applicable for use in commercially available high volume air samplers.
